Objective-To analyze whether serum CA-125 response to cytoreductive surgery before initiation of postoperative chemotherapy is associated with progression-free survival (PFS) in patients with stage IIIC ovarian carcinoma.
Introduction
Ovarian cancer is the second most common gynecologic malignancy in the United States, with an estimated 21,650 new cases diagnosed in 2008, and the most lethal, with an estimated 15,520 deaths during the same year [1] . The high mortality rate can be explained by the fact that the majority of patients (70%) present with advanced stage III or IV disease.
In 1981, Bast and colleagues reported the identification of a monoclonal antibody (OC125) developed from mice immunized with an ovarian carcinoma cell line [2] . Subsequently, a radioimmunoassay was developed for the target antigen CA-125, and women with ovarian cancer were shown to have elevated CA-125 serum levels in 82% of cases, compared to 1% in healthy controls [3] . Furthermore, the authors noticed that rising or falling levels of serum CA-125 correlated with progression or regression of disease, suggesting the important role of monitoring treatment response in patients with epithelial ovarian cancer.
The clinical utility of serum CA-125 measurements to monitor treatment response to chemotherapy and predict recurrence is now well established [4, 5] . Different prognostic scenarios derived from CA-125 variations have been investigated. Several multivariate analyses have demonstrated that CA-125 half-life and nadir concentrations during induction chemotherapy [6] [7] [8] [9] are independent prognostic factors of recurrence and survival even within normal range (≤35 U/ml). Others have shown that a reduction in serum CA-125 concentration over the initial 2 cycles of platinum-based chemotherapy is a powerful independent predictor of survival for patients with suboptimally cytoreduced stage III or IV ovarian cancer [10] . Finally, baseline CA-125 serum levels before initiation of first-line chemotherapy (but after cytoreductive surgery) and maintenance chemotherapy have been shown to predict the risk of relapse and survival [11] [12] [13] . Although the negative impact of elevated serum levels of CA-125 is well known, the pathophysiology is not. CA-125 may represent a simple surrogate for tumor volume, resistance to chemotherapy, or a separate "virulence" factor, labeling tumors with more aggressive phenotypes.
While the prognostic significance of elevated CA-125 levels before, during, and after "chemical" cytoreduction is clear, there is limited knowledge regarding the prognostic relevance of perioperative CA-125 dynamics in response to surgical cytoreduction before initiation of postoperative chemotherapy. Due to the complex kinetics of CA-125, mainly influenced by factors such as surgical trauma, and the remaining tumor burden of CA-125 secreting cells, less attention has been paid to perioperative CA-125 changes. Some authors have reported that the perioperative decline in CA-125 levels correlated with the size of residual disease after cytoreductive surgery [14] ; others observed that the prediction of residual disease by CA-125 decline lacked accuracy [15, 16] . Therefore, the perioperative variations in serum CA-125 were considered of limited clinical relevance in the management of patients with ovarian cancer. To our knowledge, there have been no studies to investigate the prognostic relevance of CA-125 serum changes in response to surgery in patients with advanced ovarian cancer. The evaluation of perioperative serum CA-125 variations in response to surgical cytoreduction would allow us to control for residual disease remaining after surgery and separate tumor volume aspects of CA-125 from its potential additional role as a biologic factor.
Based on this background, we sought to determine whether changes in preoperative to prechemotherapy serum CA-125 levels in response to surgery are associated with progressionfree survival (PFS) in patients with advanced-stage IIIC ovarian carcinoma.
Methods
We evaluated all patients with FIGO stage IIIC ovarian cancer undergoing primary cytoreductive surgery followed by intravenous or intraperitoneal platinum-based combination chemotherapy at our institution from January 1989 through December 2006. Patients were prospectively entered and continuously followed using a computerized database. Patients who underwent primary cytoreductive surgery at outside institutions, those who were treated with neoadjuvant chemotherapy, and those with non-epithelial histologic subtypes or borderline cancers were not included. Patients included in the analysis had to have elevated CA-125 serum levels (>35 U/ml) before undergoing cytoreductive surgery and must have had CA-125 levels documented both preoperatively and before initiation of postoperative chemotherapy. If a patient had more than one available CA-125 blood sample before or after surgery, we chose the sample taken closest to the surgery date for the preoperative measure and the sample taken closest to the date of first cycle of postoperative chemotherapy for the postoperative measure (all within 1 week prior to the initiation of postoperative chemotherapy).
Optimal surgical outcome was defined as no residual tumor lesion measuring greater than 1 cm in single, largest dimension at the completion of surgery. Progression of disease was determined based on the definitions outlined by the Gynecologic Cancer Intergroup [5, 17] a patient may be declared to have progression on the basis of either the objective Response Evaluation Criteria in Solid Tumors (RECIST) or CA-125 criteria. If both events were documented, the earlier event was chosen to represent the date of progression. When determined by CT scan, progression was noted as the detection of one or more new lesions or increased size of known, existing lesions. When determined by CA-125 value, progression was noted if the CA-125 value was greater than or equal to two times the nadir value (in patients with abnormal CA-125 values) or if it was two times or greater than the upper normal limit (35 U/ml) (in patients whose CA-125 normalized during treatment).
Statistical Methodology
The effect of CA-125 decline on PFS was investigated using a time-to-event analysis. PFS was defined as the time interval from the date of the first postoperative chemotherapy cycle to the progression of disease, death or last available follow-up, whichever occurred first.
Perioperative changes in CA-125 serum levels were computed as percent decline from the preoperative value to a value measured prior to the start of adjuvant chemotherapy. The decline of serum CA-125 levels was calculated both as a continuous variable and as a categorical variable. The patient population was categorized into 4 different groups based on changes from preoperative to postoperative CA-125 serum levels: group 1, ≥80% decline; group 2, 50-79.99% decline; group 3, 0-49.99% decline; or group 4, any increase in value. The 4 categories were chosen based on both initial log-rank tests on this dataset and clinically validated and accepted CA-125 response and/or progression criteria of patients during and after first-line chemotherapy [4, 5, 18, 19] . We acknowledge that per definition, CA-125 response and progression criteria were developed to measure tumor response to chemotherapy and not to surgery. Therefore, the perioperative CA-125 response categories in this analysis are exploratory in nature.
Kaplan-Meier estimates of PFS stratified by the level of perioperative CA-125 response were calculated and compared using the log-rank test, both in the entire sample and separately in the subgroups categorized by the extent of cytoreduction.
A multivariate Cox proportional hazards model was fit to investigate the effect of perioperative CA-125 response on PFS. Serum CA-125 response was investigated both as a continuous variable and divided into the 4 categories as mentioned above. The following potential confounders were included in the model: age at the time of surgery, ascites volume, cytoreductive outcome (optimal versus suboptimal), chemotherapy regimen (taxane versus no taxane), and number of chemotherapy cycles (>6 versus ≤6 cycles). Because the decline was related to the absolute preoperative CA-125 level, the preoperative value was included in the model. Ascites volume and preoperative CA-125 level were included in the model on a logarithmic scale, while the number of chemotherapy cycles was treated as a time-dependent covariate. To account for potential clustering of progression times within patients who were operated by the same attending surgeon, we corrected the variance of our estimates using robust sandwich variance estimators [20] . Because a small subset of patients (n=28, 8%) who underwent optimal cytoreduction were treated with upfront intraperitoneal chemotherapy, a separate analysis was performed in patients who were exclusively treated with postoperative intravenous platinum and taxane-based chemotherapy. This was performed to avoid a potential primary intraperitoneal treatment interaction with the effect of perioperative CA-125 changes on PFS (the results of this analysis mirrored those of the whole data set and are not presented).
Perioperative serum CA-125 response was compared among groups determined by surgery outcome and by preoperative CA-125 levels using the non-parametric Wilcoxon and Kruskal-Wallis tests. All associations were regarded significant if the P value was <0.05. All P values are two-sided. The statistical analyses were performed using SAS version 9.1 (SAS Institute, Cary, North Carolina).
Results
We identified 535 patients with FIGO stage IIIC epithelial ovarian cancer who underwent primary cytoreductive surgery at our institution during the study period. Two hundred and seventeen patients were excluded from the analysis because of missing preoperative and/or postoperative CA-125 values. Eleven patients were excluded because of normal preoperative serum CA-125 levels (≤35 U/ml), leaving 307 evaluable patients for analysis. Patient characteristics are listed in Table 1 . The median time from surgery to initiation of postoperative chemotherapy was 25 days (5 th -95 th percentile range, 6-47 days). The median time from surgery to postoperative serum CA-125 sample was 21 days (5 th -95 th percentile range, 5-46 days). All postoperative blood samples were drawn within 1 week of initiation of first-line chemotherapy.
The majority of patients (n=272, 89%) experienced a decline in serum CA-125 levels after cytoreductive surgery. Thirty-five patients (11%) experienced an increase. The 209 patients (68%) who underwent optimal cytoreduction had a median perioperative CA-125 decline of 73% (range, 324% increase to 99% decline) compared to a median decline of 55% (range, 112% increase to 99% decline) for the 98 patients who underwent suboptimal cytoreduction (P<0.001). The median pre-and postoperative CA-125 serum values for both optimally and suboptimally cytoreduced patients are listed in Table 1 . Among optimally debulked patients there was no difference in CA-125 response categories of patients who underwent a microscopic optimal resection versus macroscopic optimal resection (Table 2 ). Figure 1 shows the association between preoperative serum CA-125 levels (quartile increments) and postoperative decline. Patients with high preoperative CA-125 serum levels experienced a steeper decline of serum CA-125 after cytoreductive surgery than patients with lower preoperative CA-125 levels (P<0.001).
The median follow-up time for patients without progression or death was 48 months (range, 7-181 months). On a univariate analysis with CA-125 response to surgery stratified into 4 categories, Kaplan-Meier estimates revealed decreased PFS with less pronounced perioperative decline in serum CA-125 levels (P<0.001; Figure 2A ). The association of CA-125 changes with progression of disease was analyzed in a multivariate analysis using the Cox model. By using the perioperative serum CA-125 decline of 80% or more as the referent, the risk of disease progression increased incrementally as the magnitude of pre-to postoperative serum CA-125 response decreased ( Table 3 ). The highest risk was observed in patients who experienced a postoperative increase in serum CA-125 levels (adjusted hazard ratio [HR]= 2.49; 95% CI: 1.37-4.54; P=0.003). Serum CA-125 changes remained significantly associated with risk of relapse as a continuous variable (P<0.001). The absolute preoperative CA-125 serum level was not associated with PFS (P=0.29)
Figures 2B and 2C display Kaplan-Meier estimates of PFS stratified by perioperative CA-125 response categories of patients who underwent optimal and suboptimal cytoreduction, respectively. An interaction model was performed to estimate the effect of perioperative serum CA-125 changes on the risk of progression, at different levels of residual disease volume remaining after surgery (Table 4) . Perioperative serum CA-125 dynamics were strongly associated with the risk of relapse in optimally debulked but not in suboptimally debulked patients both as continuous and categorical variables. After optimal cytoreduction, a perioperative increase of serum CA-125 levels was associated with a 4.2-fold increased risk of relapse compared to patients who experienced a decline of 80% or more (adjusted HR=4.2; 95% CI: 2.04-8.66; P=0.0001).
Discussion
In the current study, we analyzed the effects of perioperative serum CA-125 dynamics in response to cytoreductive surgery in a relatively large number of patients with FIGO stage IIIC ovarian cancer and paired preoperative and postoperative CA-125 values. In general, the majority of patients experienced a decline of serum CA-125 levels after cytoreductive surgery. The magnitude of the decline varied depending on the absolute baseline CA-125 level before surgery and the amount of residual disease left after surgery. Patients with minimal residual disease had a higher decline of serum levels than patients who were left with suboptimal residual disease. This is not surprising if we assume that serum CA-125 levels reflect the burden of disease. However, when analyzing patients who were left with minimal residual disease after the surgical procedure, the serum CA-125 response to surgery was also variable, ranging from a steep decline to an increase in serum levels. Furthermore, no difference was seen in perioperative CA-125 dynamics between patients who underwent complete gross tumor resection and those who were left with minimal visible residual disease of 1 cm or less, suggesting that factors other than tumor burden may additionally contribute to individual perioperative serum CA-125 responses.
The results of this analysis have shown that CA-125 decline in response to surgery before initiation of primary chemotherapy is associated with subsequent disease progression after controlling for factors such as baseline CA-125 values, surgical outcome, postoperative chemotherapy regimen administered, age, and ascites. The effect of CA-125 decline on PFS was powerful in patients who underwent optimal cytoreduction, while no prognostic effect was observed in patients who were left with suboptimal residual disease. Preliminary data indicate an even more pronounced prognostic effect of perioperative serum CA-125 changes in patients with microscopic residual disease (increase versus ≥ 80%-decline; HR=5.9; 95% CI, 2.676-13.199; P<0.0001). Our findings suggest that serum CA-125 variations after optimal cytoreduction may, in addition to reflecting changes in tumor volume, be regarded as inherent biomarkers, identifying patients who respond individually (by means of CA-125 changes) to an optimal reduction of tumor burden.
It is important to recognize several limitations of this study. The primary limitations of the current study are the retrospective nature of the analysis, the non-standardized timing of CA-125 collection, as well as a lack of a central laboratory review. Furthermore, perioperative CA-125 variations are subject to complex kinetics of serum CA-125 levels in the immediate postoperative period. The composite action of surgical cytoreduction, surgical trauma as well as the presence and burden of remaining CA-125 producing cancer cells likely contribute to changes of serum CA-125 levels; the exact weight of each confounding factor is unknown. After controlling for known prognostic factors, however, our results indicate that there is a strong relationship between perioperative serum CA-125 changes and the risk of progression in patients who were left with minimal residual disease after the surgical procedure. By investigating the percent decline of perioperative CA-125 levels rather than absolute values, we control for a wide variety of absolute serum CA-125 levels among individual advanced ovarian cancer patients and individual cancers. In order to obtain a meaningful interpretation of the % decline relative to the preoperative (baseline) value of CA-125, our model accounts for both the baseline CA-125 value and the % decline. The results suggest that the % decline remains predictive after adjusting for the individual patient's preoperative CA-125.
Several perioperative prognostic variables in advanced-stage ovarian cancer have been studied over the years [21] . Of all identified early prognostic factors before initiation of chemotherapy, cytoreductive outcome is so powerful that in today's practice, patients are stratified to postoperative chemotherapy treatments or randomized clinical trials based on the amount of residual disease remaining after cytoreductive surgery [22] . The findings of this study are important because they suggest that, for patients with small-volume disease, there may be a novel, powerful early biomarker that can identify patients who are at a low or high risk of recurrence.
Perhaps more importantly, the results implicate that patients who respond strongly to an optimal cytoreduction by means of a steep perioperative serum CA-125 decline may harbor ovarian cancers with less aggressive phenotypes (e.g., tumors with the presence of intratumoral T cells [23] , BRCA germ-line mutation carriers [24] [25] [26] , or other slowly developing ovarian cancers [27] ). Similarly, patients who have a less pronounced perioperative CA-125 serum decline or increase in response to optimal cytoreduction may have ovarian cancers with rapidly progressing phenotypes driven by the augmentation of CA-125 producing tumor cells in the time interval between surgery and initiation of primary chemotherapy. Thus, the results of this study provide meaningful support for additional translational research correlating perioperative serum CA-125 responses of patients with molecular tumor characteristics.
If confirmed prospectively, CA-125 dynamics in response to surgery may allow a subset of patients with higher risk of recurrence to be identified prior to starting chemotherapy. This may be useful for patient counseling with regards to participation in protocols investigating novel therapies. Furthermore, perioperative CA-125 dynamics could be incorporated into novel, more accurate prognostic models, such as nomograms. Perioperative CA-125 response (%) by quartiles of preoperative CA-125. Perioperative changes in serum CA-125 levels stratified by quartiles of absolute preoperative CA-125 serum levels (Q1: 35-293 U/ml; Q2: 293-840 U/ml; Q3: 841-2050 U/ml; Q4: >2050 U/ml). 
